Abstract. Artemisinin-based combination therapies (ACTs) are currently considered the first-line treatments for uncomplicated Plasmodium falciparum malaria. Among these, artemether-lumefantrine (AL) has been the most widely prescribed ACT in sub-Saharan Africa. Recent clinical trials conducted in sub-Saharan Africa have shown that dihydroartemisinin-piperaquine (DP), a most recent ACT, may have a longer post-treatment prophylactic period and post-treatment infection period (duration of gametocyte carriage) than AL. Using epidemiological and clinical data on the efficacy of AL and DP, we developed and parameterized a mathematical transmission model that we used to compare the population-level impact of AL and DP for reducing P. falciparum malaria transmission in sub-Saharan Africa. Our results showed that DP is likely to more effectively reduce malaria incidence of clinical episodes than AL. However in low P. falciparum transmission areas, DP and AL are likely to be equally effective in reducing malaria prevalence. The predictions of our model were shown to be robust to the empirical uncertainty summarizing the epidemiological parameters. DP should be considered as a replacement for AL as first-line treatment of uncomplicated malaria in highly endemic P. falciparum communities. To optimize the effectiveness of ACTs, it is necessary to tailor treatment policies to the transmission intensity in different settings.
INTRODUCTION
Sub-Saharan Africa continues to bear the highest burden of malaria worldwide, with 85% of the estimated 243-500 million annual cases of clinical malaria and 90% of the over 863 thousand to 1 million malaria-associated deaths annually. 1, 2 Over the past decade, malaria morbidity and mortality have substantially declined in several areas across sub-Saharan Africa. 3 This decline has been attributed at least in part to widespread distributions of insecticide-treated bed nets and the introduction of artemisinin-based combination therapies (ACTs). [3] [4] [5] [6] The ACTs combine a short-lived but highly potent artemisinin-derivative drug, which delivers a rapid reduction of parasitemia with a longer acting, but slow active partner drug. These drug combinations are associated with improved efficacy over monotherapies and decreased chance of malaria parasite becoming resistant to either drug. 7, 8 As a result of the ability of the artemisinin component to rapidly reduce para sitemia, early treatment of uncomplicated malaria with ACTs may prevent progression to severe disease, thereby reducing the number of severe cases and the malaria mortality rate. 9 The ACTs may also reduce overall malaria transmission by decreasing human infectivity to mosquitoes 10, 11 and by extending the prophylactic period after treatment. 8 A variety of ACTs exists, such as artemether-lumefantrine (AL) and dihydroartemisinin-piperaquine (DP), which vary in their efficacy profile against uncomplicated malaria, tolerability, and their ability to reduce infectivity to mosquitoes. 8, [11] [12] [13] [14] The difference in efficacy between these ACTs may have important implications not only for the treatment of individual patients, but also for the population-level impact on malaria transmission. 11, 13 The balance among these factors, which may themselves vary between communities, will determine whether AL or DP is optimal in different settings. The AL remains the most widely used ACT in Africa. 8, 12 However, DP, a newer ACT, may appear equally efficacious as AL but with simpler dosing and a longer prophylactic period because of the extended half-life of piperaquine. 8, 15, 16 Comparative efficacy studies in multiple settings have consistently reported a longer duration to recurrent infection in individuals treated with DP as compared with AL. 13, 14 At the population level, DP has drawbacks in terms of its relative effectiveness in reducing malaria transmission, compared with AL. A recent clinical trial conducted among Kenyan children has shown that despite the longer post-treatment prophylactic period of DP compared with AL, individuals treated with DP may have a longer infectious period and resultant higher malaria transmission potential to mosquitoes after treatment than those treated with AL. 11 This variation may be caused by differences in the ability of either the artemisinin component or partner drug to reduce gametocytes, the transmissible stage of malaria. These pharmacodynamics differences raise important public health questions regarding the trade-off benefit between the longer post-treatment prophylactic period of DP and the shorter post-treatment infectious period of AL.
Here, we compared the population-level impact of AL and DP treatments on reducing Plasmodium falciparum malaria transmission in sub-Saharan Africa. For this purpose, we developed a mathematical model of P. falciparum malaria transmission and treatment in endemic communities using epidemiological and clinical findings on the efficacy of AL and DP. 8, 11, 13, 14, 17 We used this model to evaluate the potential reduction in prevalence and incidence of clinical episodes of malaria, comparing AL or DP as first-line treatment of malaria in different P. falciparum transmission intensity settings. To evaluate the effect of empirical uncertainty in the data surrounding epidemiological parameters on the predictions of our model, we used a Monte Carlo sampling approach. Our modeling framework can be used to inform public policies on optimizing the effectiveness of combination therapies for malaria control. 
METHODS
Model description. We modeled parasite transmission in human and mosquito populations using a deterministic compartmental structure. The human population is divided into two age groups, children and adults, and we assumed that children and adults have different exposure to mosquito bites, susceptibility, infectivity, and population size. An individual in the human population may be in one of seven infectious states-susceptible (S), latent (E), untreated clinical disease (D), asymptomatic patent infection (A), sub-patent infection (U), treated but still infectious (T), and protected by a prophylaxis period after treatment (P). Upon infection, individuals pass through the latent stage and then either develop clinical disease (with a probability φ) or develop patent (detectable under microscopy) or asymptomatic infection (with a probability 1-φ). From patent asymptomatic infection (A), individuals move to a sub-patent stage (U) at a rate r A . Sub-patent-infected individuals return to the susceptible class at rate r U . We distinguished between patent and sub-patent infection because of their differential contribution to disease transmission and to avoid underestimating the contribution of asymptomatic infection to disease transmission. Moreover, sub-patent infection can be an important component of the infectious reservoir. 18 Following infection, individuals may recover to the susceptible state. Individuals move between these states as shown in Figure 1 . Transmission among mosquitoes was incorporated dynamically and responds to changes in the prevalence of infectious humans. Mosquitoes are born into a susceptible state S M . If they become infected they enter an infectious state I M , after an incubation period (t incub ). The probability that an infected mosquito survives the incubation period and becomes infectious is given by ψ = e Àμ M tincub , where μ M is the mosquito natural mortality rate. The birth/death rate μ M is assumed to be constant. Mosquito infection is life-long. The intensity of malaria transmission was represented as the entomological inoculation rate (EIR), defined as the product of the human biting rate of mosquitoes and the proportion of mosquitoes that are infectious. Detailed description of the transmission model is given in the Supplemental Material.
To compare the impact on malaria transmission of AL and DP as first-line treatments for malaria in Africa, we modeled the pharmacodynamics of AL and DP as informed from a clinical trial conducted among children in Kenya. 11 The DP was assumed to have a longer post-treatment prophylactic period than AL, a longer post-treatment infections period (duration of gametocyte carriage) than AL, and a greater post-treatment probability of infecting mosquitoes than AL. 11 Comprehensive summary of the model parameters and their values is given in Supplemental Table 1 . The impact on malaria transmission was measured as reduction in prevalence and incidence of clinical episodes of malaria at endemic equilibrium.
Uncertainty analysis. To determine the robustness of model predictions accounting for empirical sources of uncertainty in parameters, we conducted uncertainty analysis, and simulated the effect of the uncertainty surrounding epidemiological parameters. The range of values for each epidemiological parameter was obtained from published literature (see Supplemental Table 1 ). Parameters were randomly sampled 100,000 times from the range of their values and used in Monte Carlo simulations to calculate variation in infection prevalence and incidence of clinical cases. To identify the contribution of each model parameter to the variability of the outcome measure, we calculated the partial rank correlation coefficients (PRCCs). 19 The PRCCs quantify the degree of monotonicity between a specific input parameter and an outcome measure predicted by the model.
RESULTS
We evaluated the potential differential effectiveness between DP and AL as first-line treatment of malaria in different P. falciparum malaria transmission settings in subSaharan Africa. The EIR, which is the average number of infectious bites received by a person in a year (ibpy), was used as a measure of malaria transmission intensity. Malaria prevalence was defined for any level of parasitemia rather than exclusively clinical disease, whereas we define incidence in terms of clinical malaria. Our base case analysis showed that AL and DP were equally effective in reducing malaria prevalence (Figures 2). However, DP was more effective than AL in reducing the incidence of clinical malaria. The additional incidence of clinical episodes averted by DP was greater in areas with high transmission (Figures 2) . At an EIR of 50 ibpy, DP prevented an additional episode of clinical malaria per 100 persons annually compared with AL. At 100 ibpy, DP averted an additional 4 clinical episodes per 100 persons annually compared with AL, and at 200 ibpy, DP averted an additional 12 clinical episodes per 100 persons per year compared with AL ( Figure 3 ). For EIR lower than 20 ibpy AL and DP where equally effective in reducing incidence of clinical episodes (Figure 3) .
To evaluate the sensitivity of our base case analysis to the probability of mosquito infection upon biting a treated individual (C T ) and the duration of infectiousness for treated individuals (1/r T ) under AL and DP, we performed a one-way sensitivity analysis. We found that the base case analysis was relatively robust to variation of infectiousness (C T ) and infectiousness duration (1/r T ) of treated individuals (Figure 3) .
In addition to the one-way sensitivity analysis, we also conducted a probabilistic uncertainty analyses to evaluate the effect of empirical uncertainty in epidemiological parameters on the predictions of our model. Uncertainty analysis confirms that DP is more effective than AL in reducing the incidence of clinical episodes of malaria ( Figure 4B ), and that on average DP is more effective than AL in reducing malaria prevalence ( Figure 4A ). The impact of parameter uncertainty on the relative effectiveness of DP for reducing malaria prevalence and incidence of clinical episodes increases with transmission intensity (Figure 4) . The relative effectiveness of DP for reducing incidence of clinical episodes decreases with expanding treatment coverage ( Figure 4B ). Global sensitivity analysis using partial rank correlation coefficient showed that variation in the percent reduction of malaria prevalence under DP treatment relative to AL was primarily driven by duration of the prophylactic periods for DP and AL treatments, and the biting rate on humans by mosquitoes, which here is the main determinant for malaria transmission intensity ( Figure 5 ).
DISCUSSION
To evaluate the differential effectiveness between AL and DP as first-line antimalarial treatments in sub-Saharan Africa, we developed a malaria transmission model that we parameterized using clinical and epidemiological findings from studies on the efficacy of AL and DP in sub-Saharan Africa. We showed that DP may more effectively reduce incidence of clinical episodes compared with AL. In areas of low transmission, DP may be equally effectively as AL in reducing malaria Figure 2 . Differential effectiveness of artemether-lumefantrine (AL) and dihydroartemisinin-piperaquine (DP) on malaria transmission. Results were computed using based values of Supplemental Table 1 Figure 3. Percentage reduction of malaria transmission from using dihydroartemisinin-piperaquine (DP) compared with artemetherlumefantrine (AL). The difference in effectiveness between DP and AL was measured in terms of percentage reduction in malaria prevalence and prevented episodes of clinical malaria per 100 people annually. (A and B) The sensitivity of the differential impact on the infectiousness of treated individuals under DP and AL treatment was computed by varying the probability of mosquito infection upon biting a treated human (C T ) by ±50%. (C and D) The sensitivity of the differential impact to the duration of the infectiousness period of individuals treated with DP and AL, respectively, was computed by varying the infectiousness period of treated individuals (r 1 T ) between its maximum and minimum values.
prevalence, whereas in areas of high transmission, DP may be more effective than AL in reducing malaria prevalence. These results suggest that health policymakers should consider using DP rather than AL as first-line antimalarial treatment in P. falciparum highly endemic areas.
Previous modeling studies have shown that ACTs have a greater potential for reducing malaria transmission in lowtransmission areas than in high-transmission areas, 18, 20 and that ACT partner-drugs with longer prophylactic periods, such as piperaquine, could confer more health benefits than partner drugs with shorter prophylactic periods, such as lumefantrine, in higher-transmission settings. 20 However, these studies did not consider the differential effectiveness between ACTs in reducing malaria prevalence and clinical episodes of malaria. 18, 20 Our model extends previous modeling studies by providing a framework for quantifying and comparing the effectiveness between ACTs in different P. falciparum malaria transmission settings. Understanding the differential effectiveness between ACTs is paramount for optimizing malaria control policies in sub-Saharan Africa. Malaria transmission is very heterogeneous with some individuals at higher risk than others, particularly between ages. [21] [22] [23] To account for this heterogeneity in the risk of disease transmission within the human population, we considered differential biting rates, susceptibility, and infectiousness between children and adults in our model. Future studies could further stratify age-specific heterogeneity in disease transmission and the efficacy of ACT regimens to facilitate the design of age-specific malaria treatment. 22, 24 A new combination of DP with a single dose of primaquine is currently being evaluated in many countries to reduce malaria transmission. 25 This new drug combination may make DP more efficacious than AL in terms of reducing the transmission potential of treated individuals and thus may shift the balance of the trade-off between DP and AL. As clinical trials are conducted and clinical parameters regarding efficacy are collected, modeling studies could be used to evaluate the effectiveness and relative benefits of this new drug combination. Although evaluating the effectiveness of other malaria intervention strategies such as intermittent preventative treatment, indoor residual spraying campaigns, and insecticidetreated bed nets is beyond the scope of this study, ACT is generally implemented in combination with these interventions and complements their effectiveness in reducing malaria transmission. [3] [4] [5] [6] 18 Future studies may consider comparing the effectiveness of different ACTs in the presence of existing interventions and those under development against malaria. A limitation on the effectiveness of ACTs that remains to be addressed is the emergence and spread of P. falciparum resistance to artemisinin derivatives, partner drugs, or both. 26, 27 Resistance may be of particular concern with regimens containing longer-acting partner drugs present at low levels for extended periods, such as is the case with piperaquine, and reports of reduced efficacy of DP are now emerging. 16, 28 If resistance to ACTs spreads into sub-Saharan Africa, this will certainly alter the relative benefits of each regimen. Additional epidemiological and clinical data on the efficacy of different combination therapies and the risk for emergence of drug resistance are needed to fully evaluate and optimize the effectiveness of malaria treatment policies. Our model assumed that the difference between AL and DP to be only based on the infectious period, prophylactic period, and infectiousness of treatment individuals. However, other mechanism such as heterogeneity in drug failure, for example failing 5% of the time versus 95% successful on everyone, may also contribute to the difference in efficacy between AL and DP. Further studies should investigate the impact of these potential mechanisms on the effectiveness of AL and DP, ands epidemiological, entomological, and clinical criteria under which AL may perform better than DP in reducing malaria prevalence.
In addition to reducing malaria transmission, clinical studies have shown that artemisinin-based therapy may reduce schistosomiasis health burden in sub-Saharan Africa. 29 Given the interactive pathology between malaria and schistosomiasis and their co-endemicity in many sub-Saharan African communities, [30] [31] [32] mass screening and treatment of malaria using ACT could contribute to reducing both malaria transmission and the schistosomiaisis burden in sub-Saharan Africa. Therefore, future studies should investigate the complementary effects of ACTs and mass praziquantel administration for reducing both malaria and schistosomiais transmission in co-endemic communities.
Current protocols recommend AL as the first-line treatment of uncomplicated P. falciparum malaria in many subSaharan Africa countries. Our results show that, in highly endemic communities, DP should be considered as a replacement for first-line treatment. To optimize the effectiveness of malaria combination therapies for individuals and wider atrisk communities in sub-Saharan Africa, our results suggest that it is necessary to design treatment policies that are tailored to the transmission intensity of different settings. Disclaimer: The sponsors of the study had no role in the study design, analysis, interpretation of results, writing of the report, or the decision to submit for publication. The corresponding author had full access to all data and had final responsibility for the decision to submit for publication. We report no financial relationships with any organization that might have an interest in the submitted work in the previous 3 years and no other relationships or activities that could appear to have influenced the submitted work.
